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Introduction
Observed ﬂuctuations of mountain glaciers are known to be 
among the best indicators of climate change (e.g., IPCC, 2013). 
Continuous glacier monitoring is thus crucial and must include the 
repeated creation of glacier inventories (Haeberli, 2004) in order 
to understand observed glacier changes and project their future 
evolution (e.g., Hoelzle et al., 2007; Abermann et al., 2009; Huss, 
2012). Furthermore, updated inventories are essential for assessing 
climate change impacts on future runoff in glacierized catchments 
(e.g., Huss, 2011; Sorg et al., 2012).
For the European Alps, mapped glacier outlines are stored in 
regional or national inventories. They are available for different 
acquisition dates and result from different methods (automatic or 
semi-automatic approaches, manual digitization) and data sources 
(satellite data, aerial photography, laser scanning, topographic 
maps) (e.g., Paul et al., 2002; Lambrecht and Kuhn, 2007; Knoll 
and Kerschner, 2009; Abermann et al., 2010; Carturan et al., 2013). 
Based on a set of Landsat Thematic Mapper (TM) scenes (30 m 
resolution) acquired in autumn 2003 and a semi-automated ap-
proach, Paul et al. (2011) were the ﬁrst to map the extents of gla-
ciers in the entire European Alps spatio-temporally consistently. 
For the Swiss Alps, the latest glacier outlines prior to the inventory 
presented here originate from that study.
The rapid mass loss and shrinkage of Alpine glaciers observed 
during the past years (e.g., Zemp et al., 2008, 2012, 2013) requires 
more frequent updates of glacier inventories (every 5-10 years; 
Paul et al., 2007). The 2003 outlines are thus already outdated for 
the Swiss Alps. Moreover, the spatial resolution of the source data 
used for creation of the 2003 inventory might be too poor for the 
assessment of speciﬁc questions on smaller scales. Using medium-
resolution (e.g., Landsat, ASTER) satellite imagery has indeed be-
come the state-of-the-art for creating new glacier inventories for 
remote areas (cf. Raup et al., 2007; Bolch et al., 2010; Andreassen 
and Winsvold, 2012; Frey et al., 2012; Falaschi et al., 2013; Nuth et 
al., 2013). If medium-resolution source data are used, however, the 
accuracy of such methods is rather limited for investigating chang-
es in very small glaciers (Paul et al., 2013), here deﬁned according 
to Huss (2010) as being smaller than 0.5 km2. This is problematic 
because very small glaciers are numerous in most glacierized ar-
eas around the world and can even play a role for the accuracy of 
global glacier change assessments (Bahr and Radić, 2012).
Hence, trying to understand the peculiarities and the response 
of glaciers in the Swiss Alps to climate change asks for as ac-
curate as possible glacier outlines. Using high-resolution air- or 
spaceborne imagery helps to overcome the potential shortcomings 
of medium-resolution source data for the delineation of glacier 
boundaries (cf. DeBeer and Sharp, 2009). Therefore, the 50/25 cm 
resolution aerial orthoimagery available for the entire Swiss Alps 
since the late 1990s from the Swiss Federal Ofﬁce of Topography 
(swisstopo) is highly valuable source data for glacier mapping.
In this article we present the new Swiss Glacier Inventory 
(SGI2010) derived from manual delineation of glacier outlines 
based on aerial orthoimagery acquired between 2008 and 2011. 
The source data used for its creation and the chosen methodo-
logical approaches are described in detail. Further, some selected 
aspects of glacier change assessment are shown. The accuracy of 
our inventory is evaluated by comparing glacier outlines for clean, 
snow- and/or debris-covered glacier boundaries from multiple dig-
itization by different experts. Glacier outlines for the eastern Swiss 
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In view of the rapid and accelerating glacier retreat observed in the European Alps during 
the last decades, the repeated creation of glacier inventories is important to understand 
the spatio-temporal variability of glacier changes and to support modeling studies. This 
article presents the latest glacier inventory for the entire Swiss Alps (SGI2010) derived 
by manual digitization from high-resolution (25 cm) aerial orthophotographs acquired 
between 2008 and 2011. Its accuracy is assessed by comparing the extents of clean, snow- 
and/or debris-covered glaciers derived from multiple digitization by several experts. The 
potential of more precise mapping of debris-covered glaciers is pointed out through the 
combination of aerial orthophotos with Differential Synthetic Aperture Radar Interferom-
etry (DInSAR) techniques. In order to investigate the accuracy of glacier outlines obtained 
from medium-resolution satellite remote sensing imagery, a Landsat derived 2003 inven-
tory is directly compared to all glaciers of the eastern Swiss Alps mapped with 2003 aerial 
orthoimagery. For the Swiss Alps, the total glacierized area mapped for 2010 is 944.3 
±24.1 km2. Resulting area changes are -362.6 km2 (-27.7%, or -0.75% a–1) between 1973 
and 2010. It is shown that satellite remote sensing techniques using medium-resolution 
source data misclassiﬁed more than 25% in area of very small glaciers (<0.5 km2). There-
fore, use of high-resolution satellite or airborne imagery for future inventory creation in 
areas dominated by very small glaciers is recommended.
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Alps are also delineated from aerial orthophotographs of 2003. 
Direct comparison to the 2003 inventory compiled by Paul et al. 
(2011) allows a detailed evaluation of the accuracy of glacier out-
lines derived from medium-resolution satellite imagery. Further-
more, the combination of Differential Synthetic Aperture Radar In-
terferometry (DInSAR) with airborne orthophotography is tested. 
We show the potential of this promising technique to reﬁne and 
assess the accuracy of glacier outlines over debris-covered areas.
Study Region
In the Swiss Alps, prevailing climatological and topographical 
boundary conditions lead to a clear asymmetry of the glacieriza-
tion between the western and eastern part. Western Switzerland is 
strongly glacierized with large areas of potential snow and ice ac-
cumulation along the high-altitude northern Alpine crest (Bernese 
Alps) and the main Alpine crest (Valais Alps) (Maisch et al., 2000). 
Overall, the sample of glaciers in Switzerland is dominated by 
small and rather steep glaciers. Firn or ice patches and glacierets 
are the most common and widespread glacier types (Haeberli and 
Hoelzle, 1995). Larger mountain and valley glaciers are outnum-
bered but account by far for the largest part of the glacierized area 
and the ice volume (cf. Farinotti et al., 2009).
Glaciers in the Swiss Alps generally reached their Little Ice 
Age (LIA) maximum extent around 1850 (Ivy-Ochs et al., 2009). 
For this time the reconstructed total glacierized area is 1735 km2 
(Maisch et al., 2000). In the following, glaciers showed general 
retreat. In 1973, 1307 km2 were still covered by glaciers, which 
corresponds to a total area loss of 428 km2 (–25%, or –0.2% a–1) 
between the LIA maximum and 1973. After a stagnant phase dur-
ing the 1970s to the mid-1980s with only minor area changes, gla-
ciers in the Swiss Alps rapidly retreated again (–18%, or –1.3% a–1 
from 1985 to 1999) (Paul et al., 2004) and showed considerable 
surface elevation and mass changes (Fischer et al., 2014).
Data Sets
The study area covers the entire Swiss Alps. The reference year 
for our inventory is 2010 as most entities are mapped from source 
data acquired in autumn 2010 (Fig. 1). Accordingly, it is hereafter 
referred to as the Swiss Glacier Inventory 2010 (SGI2010). For area 
change assessments, comparative analyses and the accuracy assess-
FIGURE 1.  Glaciers in the Swiss Alps by 2010. Colors refer to the year of the aerial orthophotography tile(s) used for glacier mapping. 
The number of glacier entities mapped for the respective year is given in parentheses. The locations of six very small glaciers chosen for 
accuracy assessment are indicated with (a) to (f). The small rectangle shows the subsample of glaciers within the Mischabel area used to test 
the potential reﬁnement of glacier outlines with Differential Synthetic Aperture Radar Interferometry (DInSAR) coherence images. The 
large rectangle contains glaciers in the eastern Swiss Alps, which were also mapped with orthoimagery of 2003.
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ment of the applied method, the following two (out of four) former 
Swiss glacier inventories are used: (1) the Swiss Glacier Inventory 
1973 (Müller et al., 1976) was derived from stereo-photogramme-
try-based interpretation of aerial photography data collected in early 
September 1973. Maisch et al. (2000) compiled and completed the 
data set for the entire Swiss Alps, and Paul (2004) provided it in 
ﬁnalized digital format. (2) The 2003 inventory was derived with a 
semi-automated method applying a threshold ratio of spectral bands 
(TM 3/5) to extract glacier outlines from Landsat TM scenes ac-
quired between the 6 and 13 August 2003 (Paul et al., 2011).
In order to compare the SGI2010 to the 2003 inventory, the sub-
sample of all glaciers in the eastern Swiss Alps (412 entities in 2003; 
see large rectangle in Fig. 1) is mapped twice, once based on aerial 
orthophotographs of the SWISSIMAGE Level 1 mosaic recorded 
in autumn 2003 and once based on most recent orthoimagery of the 
SWISSIMAGE Level 2 data set (recorded mostly in 2009 for this 
area). The SWISSIMAGE Level 1 mosaic consists of analog aerial 
imagery that was scanned and orthorectiﬁed with a ground resolu-
tion of 50 cm (swisstopo, 2010). The SWISSIMAGE Level 2 mosaic 
is the main source data used for the creation of the SGI2010 and is 
composed of high-resolution (25 cm) digital aerial orthophotographs 
covering entire Switzerland. Images were taken on cloudless days and 
at the end of the ablation season (September/October) with a Leica 
ADS80 digital camera onboard a Super King Air 350C or a Twin Ot-
ter DHC-6-3000 ﬂying at an operating altitude of about 5000 m a.s.l. 
over mountain areas. The positional accuracy is ±3–5 m in the area of 
interest. Individual images are georeferenced in the LV95 reference 
system by means of aerotriangulation and orthorectiﬁed by projec-
tion onto the DHM25 (swisstopo, 2010). Detailed analyses of the in-
dividual 2003 and 2008–2011 SWISSIMAGE tiles used for glacier 
mapping revealed that the vast majority of glacier-adjacent areas were 
completely free of seasonal snow cover up to the highest mountain 
peaks, and transient snowlines on glaciers were comparatively very 
high at the time of the aerial surveys. This is due to the 2003 summer 
heat wave and the particularly warm summers/autumns 2008–2011 
with only rare snowfall events (cf. Glaciological Reports, 2011–2014), 
and was—together with the absence of clouds on the aerial orthoim-
agery—in favor of accurate glacier mapping.
For issues concerning the recent glacier surface topography, 
the new 2 m resolution digital elevation model (DEM) of entire 
Switzerland, swissALTI3D, is used. For areas above 2000 m a.s.l. 
(i.e., for nearly all of the currently glacierized areas), the data set 
was accomplished by stereocorrelation of 2008–2011 SWISSIM-
AGE Level 2 aerial orthoimagery (swisstopo, 2013). The combina-
tion of 2008–2011 SWISSIMAGE Level 2 and most recent swis-
sALTI3D data is ideal to create a new glacier inventory because their 
acquisition dates are identical.
Methods
MAPPING GLACIER OUTLINES
All glacier outlines of the SGI2010 were manually digitized 
in ArcGIS based on corresponding SWISSIMAGE Level 2 tiles. 
Because 98% of the source data was acquired over only two hydro-
logical years (autumn 2009 to autumn 2011) and the deviations in 
glacier extent from the reference year 2010 are assumed to cancel 
each other out for all glaciers (Fig. 1), the inventory was not tem-
porally homogenized. To ensure data consistency, mapping was 
carried out by only one single expert (Mauro Fischer, University 
of Fribourg). The total working time to complete the inventory 
roughly amounted to four months.
Previous inventories are very helpful to delineate new glacier 
outlines (Paul et al., 2011). In this study we used the digital extents 
of the 1973 inventory as a reference or starting point in order not 
to miss any glacierized surfaces. Moreover, we adopted the 1973 
coding scheme designed based on a hydrological classiﬁcation (cf. 
Maisch et al., 2000). Mapped glacier polygons were strictly coded 
and named according to the 1973 outlines they fell into or over-
lapped with. This allowed a glacier-individual change assessment. 
For hydrological drainage divides usually found in the accumula-
tion area and at high altitude, the 1973 outlines were traced during 
digitization, unless a distinct surface lowering with its correspond-
ing change in the ice surface topography was clearly visible from 
the orthophotographs. In these rather rare cases, new drainage di-
vides were manually drawn with the help of the most recent topo-
graphic map or a hillshade of the respective area created from the 
high-resolution swissALTI3D DEM.
The character of the periglacial environment in the proximate 
surroundings of the glacier margins inﬂuenced the accuracy of, as 
well as the time per area to digitize individual glacier polygons. 
The latter ranged from less than a few minutes to more than one 
hour. Generally, four situations occurred: (1) very distinct glacier 
margins where bare ice meets solid bedrock. Such outlines were 
easy to map, the accuracy was high, and the digitizing time re-
duced to a minimum (Fig. 2, part a). (2) Less clear glacier outlines 
where marginal areas are to a large extent debris-covered and/or 
adjacent areas are made up of a recently uncovered sediment bed, 
lateral moraine, or buried glacier ice. For such situations, a thor-
ough interpretation of glacier boundaries was not always straight-
forward and could result in error-prone outlines in the worst-case 
(cf. snout of Innre Baltschiedergletscher in Fig. 2, part b). How-
ever, the presence of crevasses and/or exposed ice as well as abrupt 
changes in the surface topography helped to better delineate glacier 
boundaries over debris-covered areas. (3) Less distinct glacier out-
lines where the transition between snow-covered glacier surface 
and seasonal and/or perennial snowﬁelds is ambiguous. Due to 
the very favorable snow conditions on the aerial orthophotographs 
used, this situation only occurred in rare cases, for instance if small 
seasonal or perennial snow patches were found within the 1973 
outlines and the current (2010) glacier extents. Visible rock and/or 
debris surface helped to deﬁne glacier margins in such situations. 
Figure 2, part c, can be seen as a worst-case example encountered. 
(4) Less clear glacier outlines in very shadowy areas, for instance, 
steep north-facing headwalls. This was hardly ever an issue be-
cause the SWISSIMAGE orthophotos used were of high resolution 
and quality. Having shadowy areas increased digitizing time per 
area to a certain extent but did not directly affect the accuracy of 
the digitized outlines (Fig. 2, part d).
GLACIER INVENTORY PARAMETERS
We followed the World Glacier Monitoring Service (WGMS) 
“guidelines for the compilation of glacier inventory data from digi-
tal sources” version 1.0 (Paul et al., 2009) to derive the parameters 
for individual glaciers inventoried in the new SGI2010 database. 
The latter comprise the following: (1) identiﬁcation (ID) according 
to the hydrological coding of the 1973 inventory (cf. Maisch et 
al., 2000); (2) x- and y-point coordinates, ideally of the upper part 
of the ablation area and close to the central ﬂowline; (3) acquisi-
tion date of the SWISSIMAGE tiles used; (4) surface area (km2); 
(5) length (km); (6) minimum, (7) maximum, (8) mean, and (9) 
median elevation (m a.s.l.); (10) mean slope (degree); and (11) 
mean aspect divided into eight classes. The parameters 6–10 were 
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calculated by combination of the SGI2010 outlines with the 2 m 
swissALTI3D DEM. Glacier length (parameter 5) was measured 
along an automatically derived center line (cf. Machguth and Huss, 
2014). The entire data set is available over the Global Land Ice 
Measurements from Space (GLIMS) database.
ACCURACY OF MAPPED GLACIER OUTLINES
Assessing the accuracy of glacier outlines derived by any of 
the known methods (manual digitizing, semi-automatic satellite 
remote sensing approaches, algorithms applied to high-resolu-
tion DEMs, etc.) is not straightforward and often difﬁcult. This 
is mainly because systematic reference data—for instance, from 
differential GPS—independent from the source data of the outline 
is lacking (Racoviteanu et al., 2009), or only available/feasible to 
be collected for a small number of selected glaciers (e.g., Diolaiuti 
et al., 2012).
As a complete data set of higher resolution than the source 
data used here was not available, the accuracy of the mapped glacier 
outlines could not be validated in sensu stricto. Thus, following the 
recommendations by Paul et al. (2013), we performed an accuracy 
assessment based on a “round robin” experiment with nine expert par-
ticipants. Providing them with selected orthophotographs containing 
clean, debris-covered, snow-covered, and shadowy glacier boundary 
areas, we obtained multiple individual digitizations of the same glacier 
entities for each of the so-called “critical boundary situations” (see 
Fig. 2). We merely chose small glaciers for this assessment because 
the potential relative error in glacier mapping strongly increases with 
decreasing glacier surface area (Paul et al., 2013) and the glacier-size 
distribution in the European Alps is dominated by small glaciers. Also, 
we were able to quantify the accuracy of mapping larger glaciers by 
comparison to inventory data from medium-resolution satellite im-
agery (cf. accuracy assessment section in discussion chapter below).
MAPPING DEBRIS-COVERED GLACIERS USING DInSAR AND 
AIRBORNE PHOTOGRAPHY
Despite the high quality, resolution, and level of detail vis-
ible on the SWISSIMAGE orthophotographs, correct mapping of 
debris-covered glaciers or boundary areas was most problematic. 
This has been conﬁrmed in a number of previous studies, apply-
ing both automatic and manual glacier mapping techniques (e.g., 
Knoll and Kerschner, 2009; Diolaiuti et al., 2012; Falaschi et al., 
2013). Frey et al. (2012) showed that debris-covered glaciers could 
be delimited using the coherence of interferograms from radar im-
ages. Therefore, we investigated the potential of combining DIn-
SAR with airborne photography data for more accurate mapping 
of debris-covered glaciers.
FIGURE 2.  Examples of different situations encountered when mapping glacier outlines: (a) bare ice meets solid bedrock (Tellingletscher, 
2011); (b) debris-covered marginal zones (Innre Baltschiedergletscher, 2011); (c) snow-covered marginal zones (Bächistockﬁrn, 2010); and 
(d) shadowy areas (Vadrec da la Trubinasca-E, 2009). Digitized outlines from 1850 (navy blue), 1973 (dashed green), and 2010 (brown) are 
overlain to the respective SWISSIMAGE orthophoto tile based on which the latest outline was drawn.
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DInSAR is known as a well-established technique for map-
ping surface displacement at high spatio-temporal resolution (e.g., 
Massonnet and Feigl, 1998). The nature of the reﬂected microwave 
signal response depends on sensor parameters (wavelength, polari-
zation, system noise, etc.), on the imaging geometry (interferomet-
ric baseline, local incidence angle), and on target parameters (com-
position and surface roughness of the ground). The former two 
can mostly be identiﬁed as such during interferometric processing 
(Atwood et al., 2010; Strozzi et al., 2010). If backscatter proper-
ties change between two consecutive image acquisitions, there is a 
loss of coherence between the SAR scenes used for interferometry 
(Klees and Massonnet, 1999). This phenomenon of decorrelation 
is expressed as a noise with contrasted colors of neighboring pixels 
on the interferogram. It can be measured by means of local cor-
relation, yielding a normalized coherence of the individual pixels. 
During wintertime, dry snow preserves stable scattering geome-
tries, allowing high degrees of coherence and uniform colors on 
DInSAR interferograms. On the other hand, melting snow or wet 
ice causes changes of the scattering geometries and thus strong 
decorrelation and noise (Strozzi et al., 1999). A signiﬁcant glacier 
motion (decimeters to meters per day) implies a strong glacier sur-
face deformation and low coherence (Weydahl, 2001). For debris-
covered glaciers, a decorrelated signal is either caused by glacier 
motion, by exposure of the melting ice itself (thinner debris-cover-
age), and/or by the rapid settlement of the glacier surface (Delaloye 
et al., 2007).
For a representative subsample of 48 glaciers of all size class-
es and surface types in the Mischabel area (Fig. 1), we compared 
the SGI2010 outlines from manual digitization with coherence 
images from 10 selected TerraSAR-X (TSX) DInSAR pairs (5 in 
descending and 5 in ascending mode) with 11 days time lapse of 
the summers 2008–2012. DInSAR interferograms were processed 
with the commercial software GAMMA in the two-pass approach 
using the 2 m resolution swissALTI3D DEM resampled to 5 m pixel 
spacing. Coherence images were derived for all scene pairs apply-
ing the following workﬂow: (1) pixels with a measured coherence 
below 0.8 were classiﬁed as noisy, and as stable otherwise, and (2) 
the resulting pixels on the coherence images were classiﬁed by the 
most represented class of the ﬁve selected pairs.
Results
CHANGES IN AREA AND NUMBER 1973–2010
Over the entire Swiss Alps, the total glacierized area mapped 
for 2010 is 944.3 km2 (2.3% of the total area of Switzerland). This 
corresponds to a total area loss of 27.7% since 1973 (1306.9 km2 
covered by glaciers). In number, 1420 individual glacier entities 
(which may consist of more than one outline) remain by 2010 and 
733 glaciers (34%) have completely vanished since 1973. Relative 
changes in area for individual size classes are highest for glaciers 
<1.0 km2 and lowest for medium-sized glaciers (5.0–10.0 km2) 
compared to 1973. The percentaged size-class distribution has 
only slightly changed since 1973 (Table 1). Very small glaciers 
still dominate in terms of total number, but the vast majority of the 
glacierized area belongs to medium and large glaciers. Neverthe-
less, a general trend of ampliﬁcation of this relation since 1973 is 
obvious. Comparatively, more glacierized area belongs to fewer 
glacier entities and vice versa (Table 1, see also Fig. 3, parts a and 
b). While for glacier size classes <5.0 km2 the percentage of the 
total glacierized area decreased, glaciers larger than 5.0 km2 pro-
portionally account for even more of the presently still existing ice 
TABLE 1
Changes in area and number of glaciers between 1973 and 2010 
evaluated for different size classes.
Size class 
(km2)
1973 
count
1973 
area 
(km2)
2010 
count
2010 
area 
(km2)
Area change 
1973–2010 
(km2)
<0.1 1058 42.3 770 25.3 –17.0
0.1–0.5 715 162.1 396 93.0 –69.1
0.5–1.0 162 110.3 91 65.4 –44.9
1.0–5.0 167 321.6 118 225.3 –96.3
5.0–10.0 33 233.5 29 196.7 –36.8
>10.0 20 437.1 16 338.6 –98.5
Total 2155 1306.9 1420 944.3 –362.6
than in 1973 (Fig. 3, part a). In terms of the relative number of gla-
ciers (Fig. 3, part b), there is a signiﬁcant increase of the smallest 
size class (<0.1 km2) and a slight increase of size classes >1.0 km2, 
whereas the number of individual entities decreased for glaciers 
>0.1 km2 and <1.0 km2. This demonstrates that medium to large 
glaciers (>1.0 km2) did not disappear at all (Fig 3, part c), but might 
have been shifted into a smaller size class. Hence, with exception 
of the smallest class, the numeric predominance of glaciers <1.0 
km2 decreased to a certain extent.
Relative changes in glacier area between 1973 and 2010 vary 
signiﬁcantly for individual glaciers (Fig. 3, part c). Nevertheless, 
the scatter drastically increases toward smaller glacier size classes. 
Many very small glaciers completely vanished, while others did 
not show signiﬁcant areal shrinkage. There is a general trend of 
decreasing relative area changes with increasing initial glacier size 
in 1973 (Fig. 3, part c).
In both 1973 and 2010, most of the glacierized area in the 
Swiss Alps belongs to north-facing glaciers (mean aspects NW-N-
NE, 59.4% [1973] and 58.2% [2010] of the total glacierized area) 
(Fig. 3, part d). The mean aspect class SE is not representative 
because it is strongly inﬂuenced by Grosser Aletschgletscher, the 
largest glacier of the European Alps (78.4 km2 in 2010). Relative 
changes in area and number are smallest for SE-exposed (–18.7% 
in area, –18.2% in number) and highest for W-exposed glaciers 
(–36.1% in area, –42.5% in number). This can be explained by the 
different sensitivity to changes in air temperature increase for the 
respective aspect classes (cf. Evans and Cox, 2005; Evans, 2006): 
due to the relatively higher inﬂuence of the shortwave radiation 
component, south-exposed glaciers generally react less sensitive 
to air temperature changes than more north-exposed glaciers. Fur-
thermore, south-exposed glaciers are often smaller. Therefore, their 
response time is shorter and mass balance less negative, which in 
turn can explain the smaller changes in area and number.
ACCURACY OF MAPPED GLACIER OUTLINES
The overlays of glacier outlines resulting from multiple digi-
tization were highly consistently delineated by all experts where 
bare ice or snow-covered ice meets bare bedrock, due to the high 
resolution of the orthoimages even in cast shadow (different out-
lines lie within 3 to 30 m, Fig. 4, part a). Where glacier-adjacent 
areas consisted of a recently uncovered sediment bed, which was 
well recognizable as such, different outlines showed a slightly 
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inferior match but still remained quite constant (difference from 
5 to 50 m, Fig. 4, parts b, c, and d). On the other hand, differ-
ences in mapped glacier extents were signiﬁcantly larger among 
individual experts (from 5 to 200 m) if the following situations 
applied: (1) ambiguous differentiation between snow-covered 
glacier ice and seasonal and/or perennial snowﬁelds (Fig. 4, parts 
d and e), or (2) ambiguous differentiation between debris-cov-
ered glacier ice and periglacial phenomena (e.g., rock glaciers) 
or ice-free scree/debris close to the glacier margin (Fig. 4, parts d 
and f). These qualitative observations are conﬁrmed with statisti-
cal analyses summarized in Table 2. Mean percentaged standard 
deviation (STD) of total glacier area is signiﬁcantly higher for 
glaciers with less clear glacier margins (10.1% for Glacier de 
Tortin [TOR], 11.1% for Vadret dal Corvatsch-S [COR], 17.9% 
for Gurschenﬁrn [GUR]; Fig. 4, parts d–f) than for glaciers with 
nearly clear-cut borders (2.0% for Vadret da Gueglia-S [GUE], 
5.0% for Schwarzbachﬁrn [SWZ], 3.3% for St. Annaﬁrn [STA]; 
Fig. 4, parts a–c).
When comparing the results of our accuracy assessment for 
very small glaciers with those by Paul et al. (2013), who applied 
the same methods to a larger data set, the resulting ranges of ob-
served standard deviations or relative differences in delineated 
glacier area were found to be in good agreement (Fig. 5). In ad-
dition, our ﬁndings were also consistent with Paul et al. (2003), 
showing that relative area differences generally increase with de-
creasing glacier size—that is, that the relative accuracy of manual 
digitization of glacier outlines generally decreases toward very 
small glaciers. Nevertheless, we found that if high-resolution air-
borne or satellite imagery is used, relative differences and thus 
the relative accuracy of mapped glacier area is at the lower end 
of the overall uncertainty range even for smallest glaciers in case 
of good visibility and clear/distinct glacier margins (lower left 
in Fig. 5).
REASSESSING OUTLINES WITH DInSAR COHERENCE IMAGES
The terminus of Weingartengletscher-S-II in the Mischabel test 
area (0.78 km2 in 1973, 0.42 km2 in 2010) is heavily debris-covered 
(Fig. 6, part a). It is a good example of a glacier for which the manual 
delineation on the basis of visible interpretation of the aerial ortho-
imagery only was particularly difﬁcult. The potential of more ac-
curate mapping of partially or entirely debris-covered glaciers using 
DInSAR techniques becomes obvious in Figure 6, part b. Areas of 
distinct regular noise could be distinguished as a result of strongly 
decorrelated radar signals on the interferograms. This was caused 
by (1) the exposure of the melting ice itself (in case of rather thin 
debris-coverage), (2) the rapid settlement of the glacier surface, and/
or (3) a signiﬁcant glacier motion (Delaloye et al., 2007). We argue 
that the latter two caused the noise in the orographic upper-left part 
of the glacier still visible on the selected coherence image. For the 
FIGURE 3.  Percentages of (a) area and (b) number of glaciers for the entire Swiss Alps in 1973 and 2010 relative to the total. (c) Observed 
relative changes in area 1973–2010 versus initial area. Horizontal lines show average values for individual size classes. (d) Area distribution 
of glaciers in the entire Swiss Alps in 1973 and 2010 for classes of mean aspect and relative changes (%) in area and number.
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lower-lying and sharply conﬁned pattern that is still within the for-
mer 1973 glacier outlines, (1) and (3) could to a large extent explain 
the noise. From this we inferred that for Weingartengletscher-S-II, 
a rather large and highly debris-covered part of the current glacier 
tongue was misclassiﬁed as not belonging to the glacier anymore 
based on our digitization approach (Fig. 6).
FIGURE 4.  Overlays of outlines for six glaciers manually digitized by seven experts. Underlain are the SWISSIMAGE Level 2 orthophotos 
(25 cm resolution) from 2009 and 2010, which were used to delineate glacier boundaries. Locations of corresponding individual glaciers 
within the Swiss Alps are visible in Figure 1.
We performed the comparison of the SGI2010 outlines with 
the outlines reassessed according to the respective coherence imag-
es for a subsample of 48 glaciers in the Mischabel area (Fig. 1) con-
taining all size classes and surface types present in the Swiss Alps. 
The results showed that the example of Weingartengletscher-S-II 
(Fig. 6) was rather at the upper end of possible misclassiﬁcation of 
debris-covered glacier ice (Fig. 7). The total area of the 48 glaciers 
mapped based on the aerial orthophotos was 78.8 km2, whereas the 
reﬁnement of glacier outlines using DInSAR techniques resulted in 
81.7 km2 (+2.9 km2, or +3.7%). Reassessing the SGI2010 outlines 
for the Mischabel test area with DInSAR coherence images always 
resulted in an increase of the mapped glacier surface. Thus, there 
was a systematic bias in the SGI2010 for debris-covered glaciers. 
Furthermore, a trend of increasing scatter of the speciﬁc difference 
with decreasing glacier size could be observed (Fig. 7). Very small 
glaciers tended to be either almost entirely debris-covered or made 
up of almost only bare ice.
COMPARISON TO MEDIUM-RESOLUTION SOURCE DATA
In contrast to the shortcomings of semi-automatic glacier 
mapping techniques using medium-resolution satellite imagery (cf. 
Racoviteanu et al., 2009) and the difﬁculty of mapping very small 
glaciers based on such approaches in particular (e.g., Paul et al., 
TABLE 2
Comparison of glacier area values derived from multiple digitiza-
tion of glacier entities by different experts. The number of partici-
pants per glacier is given in parentheses. Glacier abbreviations are 
explained in the text.
Glacier
Area
mean (km2) min (km2) max (km2) STD 
(%)
GUE (7) 0.103 0.101 0.107 2.0
SWZ (7) 0.052 0.050 0.053 5.0
STA (7) 0.207 0.196 0.213 3.3
TOR (7) 0.702 0.645 0.825 10.1
COR (7) 0.243 0.214 0.281 11.1
GUR (7) 0.114 0.083 0.150 17.9
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2013), the 25 cm aerial orthoimagery used here allowed accurate 
glacier mapping even for very small glaciers or for generally error-
prone areas like cast shadow (Fig. 8). Glacier boundaries of the 
entire eastern Swiss Alps (CHeast, Fig. 1) were also mapped from 
SWISSIMAGE Level 1 orthophotographs acquired in September 
2003. Therefore, we could directly compare our outlines with the 
2003 inventory of the entire European Alps, for which the Landsat 
TM scenes were acquired on 6 August 2003 for the eastern Swiss 
Alps (Paul et al., 2011). For glaciers larger than 1.0 km2, mapped 
glacier areas were nearly identical from both approaches. They 
tended to be a few percent larger for semi-automatically derived 
outlines (slightly positive biases; see Fig. 9). For glaciers smaller 
than 1.0 km2, though, the difference and scatter signiﬁcantly in-
creased with every next smaller size class, both toward under- and 
overestimation of glacier area by Paul et al. (2011).
Within the eastern Swiss Alps, the 2003 inventory by Paul et 
al. (2011) comprised many glacier polygons of only one single or a 
few 30 × 30 m pixels. Often, these areas could be identiﬁed as tiny 
snow patches on the aerial orthophotographs. As a result, far fewer 
individual glacier polygons were mapped based on digitization 
from aerial orthoimages than from the semi-automatic mapping 
using medium-resolution satellite imagery. The minimum area 
mapped and still considered as an ice patch was larger, the largest 
glacier polygon (Morteratschgletscher) as well as the total glacier-
ized area smaller compared to the satellite remote sensing outlines 
(Table 3). For individual glacier entities, a clear trend of increasing 
scatter toward decreasing glacier size class resulted from compari-
son of both methods. If we assume our outlines to be more accurate 
than those by Paul et al. (2011), this indicates that the accuracy of 
glacier outlines mapped with medium-resolution satellite remote 
sensing imagery signiﬁcantly decreases toward smaller or small-
est glaciers (Fig. 9). The spatial intersection of the 2003 CHeast 
outlines from both approaches showed that for very small glaciers 
(<0.5 km2), more than 25% (>9.9 km2) of the total area mapped by 
Paul et al. (2011) was misclassiﬁed, that is, was mapped as glacier-
covered where no glacier ice could be distinguished based on the 
SWISSIMAGE orthophotographs (Table 3).
Discussion
GLACIER CHANGES 1973–2010
The total area change of –362.6 km2 derived for all glaciers in 
the entire Swiss Alps between 1973 and 2010 (–27.7%, or –0.75% 
a–1 referred to the initial area) is in the range of values reported for 
other regions in the European Alps over the last decades. Glacier 
shrinkage observed by Diolaiuti et al. (2012) in the Aosta Valley, 
Western Italian Alps, is –44.3 km2 (–27.0%, or –0.90% a–1) be-
tween 1975 and 2005, in whole South Tyrol, Eastern Italian Alps, 
–43.2 km2 (–31.6%, or –1.37% a–1) within 1983 and 2006 (Knoll 
and Kerschner, 2009), and in the Ortles-Cevedale group –23.5 
km2 (–23.4%, or –1.06% a–1) during 1987–2009 (Carturan et al., 
2013). Glaciers in the Ötztal Alps (Austria) lost 28.1 km2 (–19.5%, 
or –0.53% a–1) between 1969 and 2006 (Abermann et al., 2009). 
For the entire European Alps, Paul et al. (2011) reported a total 
area loss of 859.1 km2 (–29.5%, or –0.89% a–1) over the period 
1970(±15 a)–2003.
We note that direct comparison of such numbers can be criti-
cal for various reasons, such as diverse sample size or size class 
distribution of the investigated glaciers, different subregional to lo-
cal climate conditions, various length and onset of observation pe-
riods, and so on. For Switzerland, for instance, from 1973 to 1985, 
the observed area change is only –1%. Between 1985 and 1999, 
the area loss rate increased and glaciers in the Swiss Alps lost 18% 
(1.3% a–1) of their initial area (Paul et al., 2004). Together with our 
updated results, this gives a more detailed picture of glacier area 
changes: during the period of constant glacier recession between 
1985 and 2010, we ﬁnd an area change rate of –1.1% a–1. Fur-
thermore, for glaciers in the eastern Swiss Alps (CHeast, Fig. 1), 
both relative area losses and annual loss rates were highest for very 
small glaciers and lowest for the largest size class between 1973 
and 2009 (Fig. 3, part c). Due to the similar size class distribution 
and abundance of glacier types, this subsample of glaciers can be 
regarded as representative for the entire Swiss or even European 
Alps. Splitting the observation period in two parts, we observe that 
annual loss rates of size classes >0.5 km2 tended to increase be-
tween 2003–2009 compared to 1973–2003, whereas observed area 
changes showed a decreasing retreat rate for very small glaciers. 
Overall, annual area changes were more negative for the second 
observation period (Table 4). This would be in agreement with 
more negative glacier mass balances observed in the Swiss Alps 
since the mid-1980s (Huss et al., 2010; Fischer et al., 2014) and 
with projected future evolution of mass balance for different size 
classes (Huss, 2012). Similar to for instance the recent changes of 
very small glaciers in the Monashee Mountains, British Columbia, 
Canada (DeBeer and Sharp, 2009), the future evolution of very 
small glaciers in the Swiss Alps might be more strongly inﬂuenced 
by local topoclimatic factors than by the regional climatic forcing.
ACCURACY ASSESSMENT
We follow the recommendations by Paul et al. (2013) and as-
sess the accuracy of outlines mapped based on our approach with 
an independent experiment on multiple digitization of clean, snow-, 
and/or debris-covered glaciers due to the lack of reference or ground 
truth data. We conﬁrm that the accuracy of glacier extents derived 
from whatever glacier mapping technique generally decreases to-
ward smallest glaciers. Nevertheless, we show that if high-resolution 
airborne or satellite remote sensing imagery is used, the uncertainty 
of mapped glacier area is—at least for clean glaciers and distinct 
glacier margins—at the lower end of the overall uncertainty range 
FIGURE 5.  Glacier area versus standard deviation/relative 
difference of the manually digitized area values for several glaciers 
in Alaska and the European Alps according to Paul et al. (2013), 
and for the six very small glaciers in the Swiss Alps.
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FIGURE 6.  Outlines of Weingartengletscher-S-II in 1973 (navy blue), 2010 reassessed with DInSAR (dashed red), and original 2010 
(green). Underlain is (a) the SWISSIMAGE Level 2 orthophoto acquired in autumn 2010, and (b) the TSX 11 days DInSAR scenes from 9–20 
September 2010 in combination with the topographic pixelmap.
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even for very small glaciers. For glaciers larger than 1.0 km2, we 
learn from comparison of both approaches that semi-automatic gla-
cier mapping mostly produces nearly identical outlines as manual 
FIGURE 7.  Relative difference between glacier outlines 
derived from combination of DInSAR interferograms and aerial 
orthophotos and glacier outlines derived from aerial orthophotos 
only versus glacier area 2010 for 48 individual glaciers in the 
Mischabel test region (Fig. 1).
FIGURE 8.  Different glacier outlines for Vadrec da la 
Trubinasca-E (0.22 km2 in 2009): 2003 (light green) and 2009 
(dashed dark green) from manual digitizing of high-resolution 
orthoimages, 2003 (orange) derived by semi-automatic satellite 
remote sensing (Paul et al., 2011). Underlain is the SWISSIMAGE 
Level 2 tile from autumn 2009.
FIGURE 9.  Differences in 2003 glacier areas in the eastern Swiss 
Alps between those derived from semi-automated methods using 
medium-resolution satellite remote sensing imagery (Paul et al., 
2011) and those manually outlined from high-resolution aerial 
photographs (this study).
TABLE 3
Comparison of glacier area values for 412 individual glaciers de-
rived from manual digitization of high-resolution aerial orthopho-
tographs (CHeast 2003) to those from medium-resolution satellite 
remote sensing imagery (Paul et al., 2011).
CHeast 2003 Paul et al. (2011)
Number of polygons 418 1138
Min. area (km2) 2.1×10–3 3×10–6
Max. area (km2) 15.2 15.7
Total mapped area (km2) 160.1 165.8
Area of glaciers <0.5 km2 39.7 km2 28.9 km2
TABLE 4
Changes in area of glaciers in the eastern Swiss Alps 1973–
2003/2009 evaluated for different size classes.
Size 
class 
(km2)
1973 
area 
(km2)
2003 
area
(km2)
2009 
area
(km2)
Change 
1973–2003 
(% a–1)
Change 
2003–2009 
(% a–1)
<0.1 12.0 8.2 7.7 –1.1 –0.8
0.1–0.5 58.5 31.5 28.0 –1.5 –1.0
0.5–1.0 34.4 20.9 14.4 –1.3 –3.2
1.0–5.0 75.6 46.0 41.1 –1.3 –1.1
>5.0 60.5 53.5 51.0 –0.4 –0.7
Total 241.0 160.1 142.2 –1.1 –1.3
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digitization does. Therefore, we argue that the accuracy of these 
methods is also comparable for glacier size classes >1.0 km2 and is 
thus less than ±5% of the total mapped area (cf. Paul et al., 2013). If 
we consider our 2003 outlines mapped for the eastern Swiss Alps as 
one large single “round robin” experiment on multiple digitization 
per se, we are able to quantify the accuracy of our approach to ±4.7% 
of the area for glaciers between 1.0 and 5.0 km2, and to ±3.1% of the 
area for glaciers larger than 5.0 km2 (Fig. 9). From the average value 
of standard deviations observed for all glaciers smaller than 1.0 km2 
(Fig. 5), we quantify the accuracy to ±7.6% for mapped areas of 
these smallest size classes. Consecutively, the accuracy of the total 
area mapped in the SGI2010 (944.3 km2) is calculated from these 
size class dependent accuracies as ±24.1 km2.
From the combination of aerial orthophotography data with DIn-
SAR scenes of shortest time lapse we can reassess our outlines for 
debris-covered glaciers within the Mischabel test region. This always 
results in an increase in mapped glacier surface. Thus, if we consider 
the delineation of glacier outlines from a combination of aerial ortho-
photographs and DInSAR techniques to be more accurate than our 
methodological approach chosen for the entire Swiss Alps for the cre-
ation of the SGI2010, the error of mapping debris-covered glaciers is 
a systematic one and increases again steadily toward smallest glaciers. 
From the representative subsample of the Mischabel test area we can 
quantify this error to +3.7% of the mapped area. This indicates that 
the total glacierized area in the Swiss Alps might be slightly underes-
timated by the SGI2010. The same probably also applies to the former 
1973 inventory and, hence, does not affect the 1973–2010 area change 
assessments as errors would cancel each other out.
HIGH-RESOLUTION SOURCE DATA FOR GLACIER MAPPING
Semi-automatic satellite remote sensing approaches are well 
established and widely used today. Without the beneﬁts of space-
borne glacier mapping methods, for instance, the recently com-
piled Randolph Glacier Inventory (RGI) containing outlines of 
all glaciers and ice caps around the globe (cf. Pfeffer et al., 2014) 
and consecutive global-scale modeling approaches (e.g., Huss and 
Farinotti, 2012; Radić et al., 2013) would not have been feasible. 
Nevertheless, with our study we show that if medium-resolution 
satellite imagery is used (e.g., from Landsat or ASTER), remote 
sensing techniques may not provide the accuracy of glacier out-
lines needed to allow proper change assessments for small and very 
small glaciers. By direct and glacier-individual comparison of the 
former 2003 glacier outlines derived by Paul et al. (2011) to our 
glacier extents created by manual digitization from aerial ortho-
photographs of 2003, we quantitatively demonstrate to what extent 
outlines of small and very small glaciers created from medium-
resolution imagery can deviate from those mapped from higher 
resolution source data (Fig. 9 and Table 3). Overall, we ﬁnd that for 
glaciers smaller than 0.5 km2, more than 25% in area are errone-
ously mapped as glacierized if medium-resolution source data are 
used. Extrapolating these ﬁndings to the entire Swiss Alps would 
imply that more than 30 out of 118 km2 would have been misclas-
siﬁed as glacier-covered (Table 1).
Using high-resolution source data works in favor of accurate 
glacier mapping because it provides a high level of visible detail 
and small-scale structures like crevasses, exposed glacier ice below 
snow or debris-cover, or abrupt changes in the surface topogra-
phy. Together with the absence of clouds and the favorable snow 
conditions, the 25 cm aerial SWISSIMAGE orthoimagery used 
here is particularly valuable for the compilation of the SGI2010. 
Over highly debris-covered areas, however, glacier outlines cannot 
be digitized without doubt, even based on high-resolution source 
data. The availability of a former glacier inventory can help avoid 
missing any glacierized surfaces or erroneously mapping seasonal 
and/or perennial snow as glacier-covered. Furthermore, it allows 
adoption of the nomenclature and coding scheme, which facilitates 
the change assessment for individual glacier entities. Although for 
many parts of the world snow conditions may not be as favorable 
as in Switzerland and source data of comparable quality might be 
lacking, we recommend using source data of highest possible qual-
ity and resolution for future creation of glacier inventories in areas 
dominated by very small glaciers such as the European Alps, the 
Rocky Mountains, and the Southern Alps of New Zealand.
Recently, different authors applied new tools for automatic or 
semi-automatic delineation of glacier outlines using source data 
of higher quality and resolution. With the aim of creating a new 
glacier inventory, though, such approaches have proven not (yet) 
to be applicable to the entire Swiss Alps for various reasons. Knoll 
and Kerschner (2009) used and improved an automatic algorithm 
by Kodde et al. (2007) to generate a glacier inventory for South 
Tyrol, Italy, applying classiﬁcation criterions such as topographical 
smoothness, connectivity, hydrological constraints, and geomor-
phometrical parameters. For very small glaciers, however, even 
the improved algorithm did not yield sufﬁcient accuracy, and out-
lines had to be corrected manually with digital orthophotos (Knoll 
and Kerschner, 2009). Abermann et al. (2009, 2010) used surface 
elevation changes and shaded reliefs from multitemporal high-
resolution digital elevation models (DEMs) derived by airborne 
laser scanning (ALS) surveys of the Ötztal and Stubai Alps, Aus-
tria. They report promising results and high accuracy even for the 
delineation of very small glaciers. Limiting factors of this method 
are high costs as well as—at least today—low spatio-temporal cov-
erage of such high-resolution ALS source data. Trying to apply 
approaches mentioned above by Knoll and Kerschner (2009) or 
Abermann et al. (2009, 2010) might have helped to further improve 
the accuracy of our inventory. Nonetheless, we show that the quali-
ty of the digital orthoimagery used for creation of the SGI2010 still 
today legitimates the beneﬁt of the considerable effort that manual 
delineation of glacier outlines for the entire Swiss Alps required.
Conclusions
We have presented the new Swiss Glacier Inventory SGI2010 
derived from manual delineation of glacier outlines based on high-
resolution (25 cm) aerial orthophotographs acquired between 2008 
and 2011. Unlike the two previous inventories of 2000 and 2003 
created by semi-automatic approaches using medium-resolution 
satellite remote sensing imagery, we strictly coded and named out-
lines for individual glacier entities according to the hydrologically 
based coding system of the former 1973 inventory (Müller et al., 
1976; Maisch et al., 2000). This allowed glacier-individual change 
assessments over the 37-year period of 1973–2010. Within the en-
tire Swiss Alps, the total glacierized area mapped for 2010 is 944.3 
±24.1 km2 (–27.7%, or –0.75% a–1 since 1973). On average, rela-
tive area changes between 1973 and 2010 were highest for smallest 
glaciers and decreased toward largest glacier size classes. Further, 
an ampliﬁcation of the dominance in number of very small glaciers 
(<0.5 km2) was observed. In contrast to the general trend toward 
increasingly negative area changes, area loss rates decreased for 
very small glaciers in the eastern Swiss Alps between 2003–2009 
compared to 1973–2003.
The accuracy of the SGI2010 was assessed by comparison 
of extents for clean, snow-, and/or debris-covered glaciers derived 
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from multiple digitization by different experts. The resulting un-
certainty was less than ±5% of the mapped area for glaciers >1.0 
km2 but generally increased toward smallest glaciers.
We demonstrated that the combination of aerial orthopho-
tographs with Differential SAR Interferometry techniques is 
promising to map debris-covered glaciers more precisely. Using 
coherence images from selected TerraSAR-X DInSAR pairs, we 
reassessed glacier outlines of a test area where visual interpretation 
based on the high-resolution orthophotographs only was difﬁcult. 
From comparison of these reﬁned outlines to those of the SGI2010 
we could quantify the error of debris-covered glaciers to +3.7%.
For the eastern Swiss Alps, glacier outlines were mapped 
twice, once for the SGI2010 based on the most recent and once 
based on the 2003 aerial orthophotographs. From the direct com-
parison to the 2003 inventory derived by Paul et al. (2011) we 
learned that for glaciers >1.0 km2, comparable results could be 
achieved with both approaches. For glaciers <1.0 km2, though, the 
uncertainty and errors of glacier mapping with medium-resolution 
(30 m) satellite remote sensing techniques signiﬁcantly increased 
with every next smaller size class. The investigated semi-automatic 
remote sensing approach misclassiﬁed more than 25% in area of 
very small glaciers in the eastern Swiss Alps. For these size classes, 
glacier extents mapped from high-resolution (25 cm) aerial ortho-
photographs provided better accuracy.
The use of high-resolution source data for glacier mapping 
implies a high level of visible detail and structure, which is in ad-
vantage of producing accurate outlines even for the smallest glacier 
size classes. Good contrast, the absence of clouds and favorable 
snow conditions on air- or spaceborne high-resolution imagery can 
further improve the accuracy of derived glacier boundaries. Cor-
rect mapping of highly debris-covered areas remains challenging 
even if high-resolution source data are used. Nevertheless, we rec-
ommend use of source data with highest possible resolution and 
quality for future creation of glacier inventories in areas dominated 
by very small glaciers such as the European Alps.
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